Abstract: An inexact fuzzy multi-objective programming model (IFMOP) based on the environmental carrying capacity is provided for industrial structure optimization problems. In the IFMOP model, both fuzzy linear programming (FLP) and inexact linear programming (ILP) methods are introduced into a multi-objective programming framework. It allows uncertainties to be directly communicated into the problem solving processing, and it can effectively reflect the complexity and uncertainty of an industrial system without impractical simplification. The two objective functions utilized in the optimization study are the maximum total output value and population size, and the constraints include water environmental capacity, water resource supply, atmospheric environmental capacity and energy supply. The model is subsequently employed in a realistic case for industrial development in the Tongzhou district, Beijing, China. The results demonstrate that the model can help to analyze whether the environmental carrying capacity of Tongzhou can meet the needs of the social economic objectives in the new town plan in the two scenarios and can assist decision makers in generating stable and balanced industrial structure patterns with consideration of the resources, energy and environmental constraints to meet the maximum social economic efficiency.
Introduction
To some extent, industrial structure evolution reflects the seedtime and the evolutionary capability of a regional economy. It is also an important link between economic activities and the ecological environment, and the mode of the industrial structure has a direct impact on environmental protection and economic development.
With the advancement of the "sustainable development" concept [1] and the development of ecology, the relationship between people and nature has become a priority. It is clearly unilateral and unscientific to evaluate the industrial structure only from the perspective of economic growth. The water environmental capacity, water resource supply, atmospheric environmental capacity and energy supply are factors that should be considered when evaluating industrial structure.
The study of environmental carrying capacity evolved from the study of land carrying capacity in ecology and the concept of environmental capacity. As Bishop noted, environmental capacity is the intensity of human activity that can be permanently hosted in a region while maintaining an acceptable standard of living [2] . The purpose of this research is to analyze whether water environmental capacity, water resource supply, atmospheric environmental capacity and energy supply can meet the needs of planned economic and population development objectives and to propose some suggestions on industrial structure adjustments for decision makers.
The environmental carrying capacity can be altered by human activity [3] , and it can be improved to some extent by regulating the economic structure. It is necessary to upgrade the structure of industry based on environmental carrying capacity. Tongzhou District is less developed and is poor in resources and environmental quality. Insufficient water resources and serious water pollution are the main issues in Tongzhou [4] . The focus of the new town plan for Tongzhou is to greatly develop the tertiary sector and improve the industrial level and technology. The plan is to build Tongzhou into the sub-center of Beijing to absorb excess population from the central urban area and expand industry and other urban functions. Tongzhou District is positioned as a "regional service center, the cultural industry base and waterfront livable city" and "a comprehensive service-oriented new town and an important base for Bohai Sea-Rim regional cooperation in Beijing".
There are questions about whether these targets are reasonable and whether the environment and energy are sufficient for the economic and population development needs. The industrial structure optimization model based on the environmental carrying capacity was established to answer these questions.
There has been a considerable number of studies concerning the economic, environmental and energy impacts of industrial optimization in recent decades [5] [6] [7] . Uncertainty is widely prevalent in these studies of industrial structure adjustment. As a result, uncertain optimization methods have been developed further. These techniques could be grouped into four categories:
Fuzzy model programming (FMP) [8] [9] [10] [11] [12] [13] : Wu and Xu provided a system dynamics and fuzzy multi-objective programming integrated model to analyze the energy demand and CO 2 emission in the economy-energy system. Giannoccaro et al. [9] used fuzzy set theory to model the uncertainty in supply chain (SC) inventory management policy. Rong and Lahdelma represented the uncertainty based on fuzzy set theory to optimize the scrap charge in secondary steel production. Petrovic et al. [11] developed a fuzzy model to determine the order quantities for inventory in a SC with uncertainties. Salema et al. [12] designed an optimization model of a reverse distribution network based on fuzzy theory.
Shahnazari-Shahrezaei et al. [13] used a fuzzy multi-objective programming model to solve manpower scheduling problems in production and service environments.
Interval model programming (IMP) [14] [15] [16] : Qin and Xu [14] designed a two-step interval programming model to support urban water supply analysis under uncertainty. Simic and Dimitrijevic [15] proposed a risk explicit interval programming model for optimal long-term planning of vehicle recycling. Dong et al. [16] proposed an interval-parameter minimax regret programming (IMRP) method to support power management system planning under uncertainty.
Stochastic model programming (SMP) [17] [18] [19] [20] [21] : Sabri and Beamon [17] used stochastic methodology to design a multi-objective model for use in simultaneous strategic and operational supply chain planning. Shastri and Diwekar [18] developed a two-stage stochastic programming model to identify the optimal locations of sensors from an economic perspective. Guan and Philpott [19] proposed a multistage stochastic programming method for production planning in the New Zealand dairy industry. Ahmed et al. [20] developed a multi-stage stochastic integer programming model for an economies of scale of expansion costs in an uncertain environment. Kouwenberg [21] proposed a multi-stage stochastic programming model for asset liability management of a Dutch pension fund.
Hybrid mathematical programming [22] [23] [24] [25] [26] : Gu [22] designed an inexact stochastic fuzzy programming (ISFP) model for industrial structure optimization. Li and Zhang [23] proposed a fuzzy-stochastic model to simulate groundwater flow and contaminant transport under uncertainty. Lacagnina and Pecorella [24] presented a multistage stochastic soft constraints fuzzy programming model to solve a portfolio management problem. Li and Chen [25] developed a fuzzy-stochastic-interval linear programming (FSILP) method for supporting municipal solid waste management. Li [26] established an optimization model to determine the environmental carrying capacity of Wuhan city using an inexact fuzzy multi-objective programming (IFMOP) method. IFMOP allows uncertainties presented as intervals to be directly communicated into the planning processes through an interval linear programming algorithm [27, 28] . The interactive approach of this method helps account for the indispensable involvement of stakeholders [29] . IFMOP has been successfully used in engineering applications, such as in regional new-zone development planning [30] and environmental and economic management [31] .
However, most studies have focused on microeconomic industrial processes [32, 33] , which omit the whole industrial structure optimization at the environment carrying capacity level and do not take the primary sector system into account. Moreover, many studies have obtained results from only one scenario [34] . However, in the actual decision-making process, some alternatives should be provided for decision makers to choose the best policy. Most importantly, parameter uncertainties exist in the industrial structure optimization models. The methodology of IFMOP is suitable for solving industrial optimization models based on environment carrying capacity. The developed model can address dynamic, uncertain and multi-objective problems, as well as those in the environmental, energy and industrial management system [35] .
The major originalities of this research are as follows:
• The industrial structure optimization model was established at the environment carrying capacity level.
• The fuzzy linear programming (FLP) and inexact linear programming (ILP) methods are introduced into the optimization model to reflect the complexity and uncertainty. • The whole industrial structure optimization was considered in the research, including the primary, secondary and tertiary sectors.
• The study was performed under the business-as-usual scenario [36] and the sustainable development scenario [36] , taking the water environmental capacity, water resource supply, atmospheric environmental capacity and energy supply as constraints.
Environmental Carrying Capacity
The environmental carrying capacity is the limit of human activities over a given period that can be borne by the environment under the "no qualitative change to the environment" condition. The limiting factors refer to water environmental capacity, water resource supply, atmospheric environmental capacity and energy supply. Human activities can be expressed as the size of the population and the economy. Thus, the environmental carrying capacity can be represented as the maximum population size and total output value that the environment can withstand. Due to the openness and complexity of the environmental system, as well as the limitations of human knowledge, it is rational to quantitatively describe the environmental carrying capacity with uncertainty.
Model

Methodology
A general IFMOP model with discrete interval parameters can be formulated as follows [29] :
l×t and R ± denote a set of inexact interval numbers. An inexact number X ± is defined as an interval with known upper and lower bounds. All parameters are intervals without distribution information. The solution process is as follows: (a) optimize every single objective, (b) establish the pay-off matrix, (c) decompose the objective functions, (d) introduce the fuzzy operator and build the sub-models, and (e) solve the generated sub-models [26, 37] .
Fuzzy Linear Programming (FLP) Transformation and Fuzzy Goals
A fuzzy goal can be achieved by specifying an "aspiration level" and "inferior" for each objective or constraint [38] . Model (1) can be transformed into the following form with the minimum operator λ , and the matrix is constructed as follows:
Then, "aspiration level" and "inferior" can be obtained. The bound of operator λ ± may not function consistently with all objective functions and constraints [27] .
A method to alleviate this problem is to bring two individual operators λ 1 ± and λ 2 ± . λ 1 ± is for Equations 2b and 2d with "≤" constraints, whereas λ 2 ± is for Equations 2c and 2e with "≥" constraints. Then, we get:
In the multi-objective problem, the sign distributions of the objective function coefficients are often different. Consequently, a sign decomposition method can be used to solve the problem. The objective function can be broken down into two sub-objectives, one of which is a maximum, and the other is a minimum. Thus, the coefficients of the decomposed sub-objective function are all positive, and the ILP algorithm can be used to solve it.
IFMOP Sub-Models
Through the above conversion process, we get two sub-models:
With the two sub-models, the decision variable (x ± s,opt ) solutions can be obtained [38] . Thus, solutions for the objective function (f ± k and f ± l ) can be obtained by model (1) and x ± s,opt . In this study, an IFMOP model was established to determine the scale and structure of the economy and the population under the environment, resource and energy constraints. Lingo was used to solve the IFMOP model following the steps, and the software version was lingo 8.0.
The Objective Function
The inexact uncertain multi-objective programming model of the environmental carrying capacity includes two objective functions: the maximum value of the total output maxF (endogenous variable) and the maximum size of the population maxP (endogenous variable). The objective function maxF represents the maximum value of the total output after deducting the expenses of sewage and solid waste disposal. The value of the total output refers to the three industrial output values in Tongzhou district, and the secondary sector consists of 11 industries. The centralized treatment of sewage and solid waste with a fee-charge is a key measure for pollution prevention, and the corresponding expenses are introduced to the objective functions rationally. The sewage (solid waste) includes production sewage (solid waste) and living sewage (solid waste). MaxP expresses the maximum size of the population in Tongzhou district by the parameters of the number of employees and the ratio of employment to population. 
Constraints
The constraints include the water environmental capacity, water resources, atmospheric environmental capacity, energy, economic and nonnegative constraints. The water environmental capacity constraints include COD and NH 3 -N constraints. The economic constraints refer to industrial output value constraints based on the Tongzhou new town plan.
Water Environmental Capacity Constraint
(1) COD emission constraint: The COD emissions from production and living should be within the limits of the environmental capacity of COD. The production COD emissions consist of primary, secondary and tertiary sector COD emissions.
(2) NH 3 -N emission constraint: The NH 3 -N emissions from production and living should be within the limits of the environmental capacity of NH 3 -N. The production NH 3 -N emissions consist of primary, secondary and tertiary sector NH 3 -N emissions.
Water Resource Constraint
The water consumption of production and living should not exceed the water supply. The production water consumption consists of primary, secondary and tertiary sector water consumption. The SO 2 emissions from production and living should be within the limits of the environmental capacity of SO 2 . The production SO 2 emissions consist of primary, secondary and tertiary sector SO 2 emissions. (14) 3.3.4. Energy Constraint
The energy consumption of production and living should not exceed the energy supply. The production energy consumption consists of primary, secondary and tertiary sector energy consumption.
3.3.5. Economic Constraints
The development of every industry should be within a certain scope based on the Tongzhou new town plan.
3.3.6. Non-Negative Constraints (17) where: 
 MAXG ± energy supply (tce/a);  U GDPJ : the added value upper limit of industry j of the secondary sector (10 thousand RMB Yuan);  L GDPJ : the added value lower limit of industry j of the secondary sector (10 thousand RMB Yuan);  U GDP1 : the added value upper limit of the primary sector (10 thousand RMB Yuan);  L GDP1 : the added value lower limit of the primary sector (10 thousand RMB Yuan);  U GDP3 : the added value upper limit of the tertiary sector (10 thousand RMB Yuan);  L GDP3 : the added value lower limit of the tertiary sector (10 thousand RMB Yuan);
Study Area and Data Sources
Site Description
Tongzhou District is located in the southeast part of Beijing. The district is approximately 37 km wide from east to west and 48 km long from north to south. It has an area of approximately 906 km 2 , which comprises approximately 5% of Beijing's total territory and approximately 14% of Beijing's plain. It is busily remodeling itself as a modern city.
Data Sources
The selected values of many parameters are based on the strategic environmental impact assessment in Tongzhou District. Specifically, the COD and Annual solid waste emission per capita data are from environmental protection and ecological construction planning. Garbage disposal rate data are from the special plan for environmental protection and ecological construction.
Scenario Establishment
In Scenario 1 (the business as usual scenario [36] ), the level of production technology remains in accord with the current trends. Scenario 2 (the sustainable development scenario [36] ) is an idealized scenario in which the pressures of the environment and water and energy shortages are reduced through upgrades in production technology and pollution prevention technology in the planning objective. There are two time points (2015 and 2020) in the analysis under the two scenarios, and they are independent of each other.
The most important parameters of the two scenarios are listed below ( Table 1) . The model consists of the primary sector (I12), secondary sector and tertiary sector (I13). The secondary sector includes 11 industries: equipment manufacturing (I01), including general equipment manufacturing, special equipment manufacturing, transportation equipment manufacturing, electric equipment and machinery manufacturing, communication equipment manufacturing and other electronic equipment manufacturing; textile and garments (I02), including textile and clothing; food processing (I03); printing, culture and education (I04); wood furniture (I05); craft manufacturing (I06); pharmaceuticals (I07); petrochemicals (I08); papermaking (I09); others (I10), including mining, chemical fiber manufacturing, rubber and plastic products, non-metallic mineral products, non-ferrous metal processing and metal processing; and construction (I11). 
Results and Discussion
Industry Scale and Structure
From the results in Figure 1 , it is apparent that the industrial structures are significantly different under the two scenarios. In Scenario 1, the equipment manufacturing industry is the leading sector in both 2015 and 2020. In Scenario 2, the equipment manufacturing industry, construction industry, textile and garments industry, food processing industry and printing, culture and education industry are expected to be the predominant industries in 2015 and 2020 as a result of the adjustment of the industrial structure.
(1) Equipment manufacturing industry I01
The equipment manufacturing industry has the second-lowest COD emission, second only to that of the construction industry, making it suitable for development in Tongzhou District.
Equipment manufacturing is the leading industry, with the highest GDP out of the 10 other industries currently in Tongzhou District, and demonstrates a good foundation and strong potential. Although the equipment manufacturing industry shows certain growth in both scenarios, it shows faster development in Scenario 2. The industry added value is 3.03-4.00 million RMB Yuan in 2020 under Scenario 2 and 1.10-1.10 million RMB Yuan in 2020 in Scenario 1. This is a result of the equipment manufacturing industry having lower energy consumption and pollutant emissions per unit of output value in Scenario 2.
(2) Textile and garments industry I02
The textile industry has a higher energy consumption, a higher water consumption, higher pollutant emissions and a higher input-output ratio. However, the clothing industry is a green industry with less pollution, lower energy consumption and lower material consumption. The results illustrate that the growth of the textile and garments industry is limited for the relatively low technology level in Scenario 1. The industry added values are 0.09-0.10 and 0.19-0.19 million RMB Yuan in 2015 and 2020, respectively. Fortunately, because of the improvements in production techniques and pollution prevention technology, the discharge of major pollutants can be effectively controlled in Scenario 2. In Scenario 2, the industry added values are 0.40-1.50 and 1.00-1.50 million RMB Yuan in 2015 and 2020, respectively. Additionally, because the textile and garments industry is an "urban industry" that closely relates to people's lives, it is one of the leading industries in Tongzhou District in Scenario 2.
(3) Food processing industry I03
The food processing industry is the second highest emitter of COD per unit GDP, after the paper making industry. Therefore, its development should not proceed too rapidly in Scenario 1. However, demand for high quality food increases as time progresses and society advances; thus, the food processing industry is an essential industry. Specifically, it shows more rapid growth in Scenario 2, mainly due to the improved pollution control. The added value of the food processing industry increases to 0.90-1.50 million RMB Yuan in 2020 in Scenario 2.
(4) Printing, culture and education industry I04
The printing, culture and education industry has relatively low water consumption and COD emissions per unit output value. However, because Tongzhou District is located on the outskirts of Beijing, the printing, culture and education industry is small and currently has a low market share. As the results demonstrate, the growth of the printing, culture and education industry is very slow in The wood furniture industry is a relatively clean industry, and the water consumption and COD emissions per unit output are relatively small. Tongzhou District has a serious lack of water resources, making it suitable for the development of the wood furniture industry. The industry added value is 0.50-0.80 million RMB Yuan in 2020 under Scenario 1.
(6) Craft manufacturing industry I06
Craft manufacturing consumes much energy and releases many pollutants from production. The scale of the craft manufacturing industry should be limited in Tongzhou District. As shown in Figure 1 , the GDP of the craft manufacturing industry is low in both scenarios, and the added value is 0.04-0.04 and 0.10-0.20 million RMB Yuan in Scenarios 1 and 2, respectively, in 2020. The pharmaceutical industry brings much pressure on environmental protection. Because it is affected by pollution, the pharmaceutical industry develops slowly and is proportionally small in Tongzhou's economy. In Scenario 2, low emission technology is developed, and the added value of pharmaceutical industry is 0.05-0.10 million RMB Yuan in 2020, which is a little higher than that in Scenario 1. However, the size of the industry does not show a substantial change in 2015 and 2020 under the two scenarios.
(8) Petrochemical industry I08
The petrochemical industry is the main pillar of industry in Tongzhou District and should have been a top priority. However, the results show that this industry has barely developed recently. The petrochemical industry causes significant water and air pollution. There is little space for further growth in Scenario 1 because of limited water and air environmental capacity. Due to the improvement of pollution control technology under Scenario 2, the petrochemical industry experiences an increase under the allowed conditions of water and atmosphere environmental capacity. The added value is 0.04-0.10 million RMB Yuan in 2020.
(9) Papermaking industry I09
The papermaking industry is a major water polluting industry in China, and water pollution in Tongzhou District is especially severe. Thus, the papermaking industry is not suitable for further development in the district under the two scenarios. The construction industry consumes little energy and water and results in low COD and SO 2 emissions. Because Tongzhou is short of water resources, the growth of the construction industry should be given priority. As Figure 1 demonstrates, the construction industry has become one of the leading industries in Tongzhou District. Its added value is 2.37-3.50 and 3.50-3.50 million RMB Yuan in 2015 and 2020, respectively, under Scenario 2.
Economic Development Scale
As shown in Table 2 , Tongzhou District's GDP will reach 1.79-3.72 billion RMB Yuan in 2015 and 3.43-7.15 billion RMB Yuan in 2020 in Scenario 1. Table 3 shows that the GDP of Tongzhou District will reach 8.57-19.39 billion RMB Yuan in 2015 and 16.11-47.82 billion RMB Yuan in 2020. The ratios of primary and secondary sectors decrease; however, the ratio of the tertiary sector increases in 2020 in Scenario 2. The economic goals (120 billion RMB Yuan) in the Tongzhou new town plan cannot be achieved in both scenarios. 
Population Size
As the optimization results show in Tables 4 and 5 The future distribution of the working population in various industries is shown in Tables 4 and 5 . The secondary sector has the highest demand for labor in Scenario 1, and the labor demand proportions of the primary and tertiary industries are not changed significantly. In Scenario 2, the proportion of the workforce in the tertiary sector rises sharply, whereas the proportion of the workforce in the secondary sector declines in 2020. The primary sector requires the smallest working population in the two scenarios and requires a greater working population in Scenario 2 than in Scenario 1. As shown in Figure 2 , the equipment manufacturing industry, the printing, culture and education industry, and the construction industry all need a working population greater than 10,000 in 2015 in Scenario 1. Until 2020, these three industries, particularly the construction industry, as well as the wood furniture industry require the largest labor force.
The wood furniture industry and craft manufacturing industry show an upper labor demand of more than 10,000 workers in 2015 in Scenario 2. In addition, the upper demand of the labor force of the equipment manufacturing industry, the textile and garments industry, the food processing industry, the printing, culture and education industry, and the construction industry are more than 20,000 workers in 2015. However, by 2020, most of the industries of the secondary sector will generally need a smaller workforce than they will need in 2015.
According to the above results, the three sectoral productivities can be obtained in Table 6 . The productivities of the three sectors will reach 8.64-9.02, 23.12-28.67 and 30.03-33.37 thousand RMB Yuan/person in 2020 in Scenario 1, respectively, and the productivity of the tertiary sector will be highest in Scenario 1. The three sectoral productivities in Scenario 2 will be higher than those in Scenario 1, and will reach 9.45-10.25, 52.01-64.91 and 32.50-36.66 thousand RMB Yuan/person in 2020. Specifically, the secondary sector's productivity will be highest in 2020 in Scenario 2. That is mainly due to the fact that most of the industries of the secondary sector will generally need a smaller workforce with the application of science and technology. 
Conclusions
In this study, an IFMOP model based on environmental carrying capacity was established to solve the industrial structure optimization problems under multiple uncertainties. IFMOP was developed through incorporation of fuzzy linear programming and inexact linear programming approaches within a general optimization framework, and it could be transformed into two deterministic sub-models corresponding to the lower and upper bounds of the objective. Thus, solutions for the objective function are obtained by solving the sub-models. It improves upon the existing optimization model with advantages in tackling dynamic, uncertain and multi-objective characteristics of a variety of system components, and could efficiently deal with industrial structure optimization issues under uncertainties based on environmental carrying capacity level. The model was used to analyze whether the water environmental capacity, water resource supply, atmospheric environmental capacity and energy supply can meet the needs of the planned economic and population development objectives under the business-as-usual scenario and the sustainable development scenario in Tongzhou district.
The results reveal the following: In any scenario, the water resources, energy and environmental conditions in Tongzhou District cannot accommodate the projected economy and population growth. It is necessary to consider changing the target economic growth and population size in the Tongzhou new town plan. The equipment manufacturing industry, textile and garments industry, food processing industry, printing, culture and education industry, and construction industry should be given priority. However, the pharmaceutical industry, petrochemical industry and other industries are not suitable for large scale deployment. The papermaking industry should not be developed any further. The primary sector needs the smallest working population, and the secondary and tertiary sectors require a greater number of workers. The limitations of the study are as follows: it does not take into account the balances of demand and supply in economy and energy and does not consider the interactions among industries in contrast to input-output analysis and applied general equilibrium analysis. Table A3 . Important parameters of IFMOP model in scenario 2. Table A3 . Cont.
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